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SUMMARY

Real-time holography has been used to confirm the presence of non-uniformity

in the construction of an International Space Station cold plate. Ultrasonic C-scans have

previously shown suspected areas of cooling fin disbonds. But both neural-net processed

and visual holography did not evidence any progressive permanent changes resulting from

3000 pressurization and relaxation cycles of a Dash 8 cold plate.

Neural-net and visual inspections were performed of characteristic patterns

generated from electronic time-average holograms of the vibrating cold plate. Normal
modes of vibration were excited at very low amplitudes for this purpose. The neural nets

were trained to flag very small changes in the mode shapes as encoded in the characteristic

patterns. Both the whole cold plate and a zoomed region were inspected. The inspections
were conducted before, after, and during pressurization and relaxation cycles of the cold

plate. A water-filled cold plate was pressurized to 120 psig (827 kPa) and relaxed for

each cycle. Each cycle required 5 seconds. Both the artificial neural networks and the

inspectors were unable to detect changes in the mode shapes of the relaxed cold plate.

The cold plate was also inspected visually using real-time holography and double-

exposure holography. Regions of non-uniformity correlating with the C-scans were

apparent, but the interference patterns did not change after 3000 pressurization and

relaxation cycles.

These tests constituted the first practical application of a neural-net inspection

technique developed originally with support from the Director's Discretionary Fund at
the Glenn Research Center at Lewis Field.

INTRODUCTION

Some old and new holographic techniques have been used at Glenn Research

Center at Lewis Field (GRC) to inspect a cold plate for cooling fin bond integrity. Several

types of cold plates are to be used to cool electronic instruments in the Space Station. This

study is limited to Dash 8 series plates. Earlier ultrasonic C-scans showed non-

uniformities suspected to be disbonds between the cooling fins and the cold-plate face
sheets in several cold plates. Various tests, including the holographic inspections described

in this paper, were used to check the quality and integrity of the cold plate and to observe, if

any, progressive damage occurring during the pressure cycle tests.
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The holographic inspections are particularly interesting; since they include the first

practical application of a new processing method that uses artificial neural networks.
This method j4 was developed originally with support from the GRC Director's

Discretionary Fund. The neural nets can detect very small changes in interference patterns

generated from holograms of a structure. These small changes in the interference patterns,
in turn, reflect structural changes. The structural changes might be caused by cracking or

by de-bonding as in the case of the cold plates.

Both an ancient and a relatively modern form of holographic interferometry were

used to inspect the cold plate. The ancient technique, called real-time holography, used

silver-halide emulsions to record the holograms. This technique confirmed the presence of

the non-uniform patterns detected by the C-scans. The relatively modern technique, known

variously as electronic holography, television holography, or electronic speckle pattern

interferometry (ESPI), was used to record the mode shapes of a vibrating cold plate at

several different resonant frequencies. The cold plate was excited to vibrate with either a

siren or a piezoelectric shaker. The mode shapes, displayed in the form of so-called

characteristic patterns, were inspected visually for changes resulting from repeated

pressurization and relaxation of the cooling passages. The mode shapes were also

inspected continuously and automatically at 30 frames per second by artificial neural

networks. The neural networks did detect changes in the characteristic patterns upon

pressurization of the cold plate to 120 psig (827 kPa). But neither the human inspectors

nor the neural networks detected significant changes in the characteristic patterns of the

relaxed cold plate, even after 3000 pressurization and relaxation cycles and in-spite of the

non-uniform structure shown by the C-scans and by real-time holography.

This paper discusses the test setup used to conduct these tests and presents and
discusses the results of the tests.

TEST SETUP

Tests were conducted at GRC in a laboratory that has been used for holographic

testing for the past 23 years. The cold plate was bolted to a frame, and the combination
was bolted to a large vibration-isolation table. Front and rear views of the cold-plate and

frame combination are shown in Fig. 1.

Knowledge of the detailed construction s of the cold plate is irrelevant to execution

of the holographic tests; since tests are conducted essentially the same way for any kind of

object. The following properties and features define the cold plate adequately for this test.

The plate, including fittings, is 37.2 in. (94.4 cm.) wide by 10.2 in. (26.0 cm.) high with
through holes on 2 in. (5.1 cm.) centers horizontally and 2.75 in. (7.0 cm.) centers

vertically. There are holes on 4 in. (10 cm.) centers along the top and bottom edges. The

bottom edge is bolted to the frame and the top edge is screwed to the frame through the

holes along the top and bottom edges.

The bolts are set to fixed torque. Best practice requires that "all fasteners be set to

fixed torque in order to maintain a consistent setup should the panel need to be removed

and replaced. The neural networks are very sensitive and have detected small changes in
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mode shape resulting from a change in bolt torque. 2 Inconsistent mounting would most

likely lead to the need for the neural nets to be retrained to establish a new base line. The

cold plate is painted flat white to create a diffusely reflecting surface; since both holographic
techniques used for these tests are versions of diffuse-illumination holographic

interferometry. The cold plate has inlet and outlet fittings for the cooling water. For the

tests, one fitting is capped, the cold plate is filled with water, and the other fitting is

connected through an electrically operated, regulating valve to a 120 psig (827 kPa) air

supply. A pressurization and relaxation cycle takes 5 seconds leading to a 0.2 Hz cycle
rate.

The details of neural-net and holographic technology are very interesting, but far

outside the scope of this paper. The book by Charles Vest 6 provides a good reference on

the application of holography to structural and flow diagnostics. The neural-net procedures

and performance are discussed in the first four references. There are references on the

history of diffuse-illumination and electronic holographic interferometry at GRC. 7- l0 The

electronic holography technique used for the cold-plate tests is discussed by Stetson and

Brohinsky. l j

The bare essentials of holography necessary to understand the cold plate tests are

presented below. Figure 2 shows one setup used for holography.

An optical hologram of a structure is always a recording of the interference pattern

between the light reflected from the structure and a reference beam. The two beams of

light originate from the same laser. An argon-ion laser was used for the cold-plate tests.

A hologram was recorded on a high-resolution silver-halide emulsion for real-time

holography and on a CCD array for electronic holography. Regardless, the mathematical

representation of a hologram contains four terms, and only one or two of those terms are
useful. The useful term or terms are extracted in completely different ways for the silver-

halide-emulsion and electronic implementations.

The silver-halide-emulsion technique extracts the useful term optically in the form

of a phase-accurate reconstruction of the original object light wave. Hence, holography has
been thought of historically as a way to reconstruct three-dimensional views of objects. In

the real-time technique used for these tests, the reconstructed object wave is interfered with

light reflected from the actual object. The real-time interference pattern encodes point-by-

point the real-time optical path differences between the original object (frozen in the

hologram) and the real-time object. The real-time cold plate, of course, is being deformed

by pressurization during these tests.

Holograms are formed essentially the same way for electronic holography. But the

silver-halide emulsion is replaced by an optical front end called the speckle interferometer,

by a CCD camera, and by a computer workstation with frame grabber. The electronic

holograms are actually recorded from lens-formed images of the cold plate rather than the

cold plate directly; the holograms are called focused-image holograms. The holograms are
recorded at a rate of 30 holograms per second, and the reference beam is phase shifted by rt

for every other hologram. Time-adjacent holograms are subtracted to extract the two

useful terms. Processing, of course, occurs in the computer. The cold plate is excited to

vibrate at a resonance while recording an electronic hologram. Holograms, recorded in

this manner, are sometimes called time-average holograms; since the exposure is the
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averageof oneor morevibrationcycles.Averagingoccursin eachtelevisionfield of the
CCDcamerafor 1/60second.Theresolutionof boththehologramandtheresulting
imagesis muchlower for theelectronichologramsthanthesilver-halideholograms.
Hologramsandimagesoccupy486by 640squarepixels.

Althoughtheholographictechniquesseemcomplex,theoutputsof thetestscanbe
statedsuccinctlyin mathematicalform. Ourimplementationof electronictime-average
holographyproducesapatternproportionalto thesquareof

(SpecklePattern)* Jo(2r_KoS)

where J0 is the zero-order Bessel function of the first kind; 5 is the amplitude of the

vibration displacement vector expressed in multiples of the wavelength of the laser light at

atmospheric pressure (514.5 nm); and K is called the sensitivity vector. The maximum

value of the argument of the Bessel function is 4rtlSI. For a flat object like the cold plate
located about 7 ft. (2.13 m) from the optical front end, K and 5 point nearly in the same

direction over the entire cold plate. Hence, the pattern can be thought of roughly as a non-

linear map of the magnitude 151of the displacement amplitude vector. The multiplier

(Speckle Pattern) is responsible for the grainy appearance of the resulting patterns. A

discussion of the origin and nature of speckle statistics is outside the scope of this paper.
The overall pattern is sometimes called a characteristic pattern for mathematical reasons. 6

Figure 3 shows a sample Bessel fringe pattern for a vibrating fan blade in the
unlikely case that the reader has never seen such a pattern. The bright areas correspond to

zeros of the Bessel function and represent nodes of vibration. The brightness of the pattern

is observed to decrease as the amplitude of vibration increases and the maximum values of

the oscillating Bessel function decrease in magnitude. The grainy appearance is caused by

the speckle effect.

Both real-time and double-exposure silver-halide-emulsion holography produce a

pattern proportional to

I_ + I2 Cos(2_K.5)

where K again is the sensitivity vector; 8 is the real-time displacement of a point on the

cold plate; and Ij and 12 depend on the ratio of the hologram-reconstructed and the real-

time beams. The speckle effect is also encoded in I_ and Iz. In general, particularly for

real-time holography, this pattern tends to have low contrast, residual fringes and other

extraneous fringes for many reasons: emulsion shrinkage, hologram positioning errors,

speckle pattern de-correlation, laser-beam shifts, and air currents. Note that the fringes are

cosine fringes. The fringe contrast is constant as 151increases; hence there are no visual

hints about the varying magnitude of 151as provided by the Bessel function.

There is enough information to perform a classical holographic test at this point

using the following procedure. First, electronic holography is used to identify the

resonances of the vibrating cold plate as follows. The characteristic patterns are displayed

on the computer monitor at 30 frames per second. The drive frequency of the piezo-
electric shaker is tuned until the characteristic pattern of a resonance begins to appear. The

frequency is carefully adjusted to achieve the maximum response. The drive amplitude is
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adjusted to produce a pattern based on the operator's experience. A laser interferometer
can be used to measure the vibration amplitude at a point so as to allow the mode

amplitudes to be reproduced exactly at a later time. The modes can be recorded in a movie
or a still. The process is repeated for as many modes as desired.

Second, the cold plate is pressure cycled, and electronic holography can be used to

monitor a vibration mode during pressure cycling. The mode identification and recording

process is then repeated after the required number of pressure cycles. The whole process

can be repeated as many times as desired. Real-time holography can be used to monitor
the real-time fringe pattern during steady pressurization. For silver-halide holography, the

real-time pattern can be recorded with a CCD camera.

A classical test in the past required that the characteristic patterns be evaluated

visually for changes caused by the cycling process. A visual inspection is tedious and not

necessarily accurate. The characteristic patterns are complex, particularly at higher
frequencies, and may not change very much unless there is a drastic structural failure.

Fortunately, artificial neural networks allow the classical holographic inspection process
to be automated with increased sensitivity.

Again, only the more essential elements of artificial-neural-net technology are
discussed. Consult reference 4 for a more detailed discussion, The simplest

implementation of the neural-net technique was used for the cold-plate tests. So-called
feedforward neural nets were trained to flag changes in a characteristic pattern. A neural

net was essentially trained to produce two outputs; call them same pattern and changed

pattern for convenience.

The neural net was trained to respond in this way to input characteristic patterns.

One constraint is that the neural net technology can handle only a few thousand pixels.

Hence, large pixels, sometimes called rebinned pixels, must be generated. Figure 4 shows

the large-pixel coverage for the region of the entire plate between the water inlet and outlet

fittings. Figure 5 shows the large-pixel coverage in a zoomed region between four

through-holes. A few thousand pixels fortuitously happen to be the number of finite

elements used in a typical finite element model of vibration modes. The possible role of
finite-element modeling in neural-net inspections of characteristic patterns is discussed in
the references.l-4

A neural net must meet four requirements to be successful. First, the net must

not be fooled by variations in the constantly changing speckle pattern. Our research I has

shown that a neural net will learn to ignore the laser speckle effect, if the net is trained with

uncorrelated speckle sample functions equal in number to 10 percent of the number of

input pixels. The training-set software is designed to record arbitrary numbers of

uncorrelated speckle sample functions.

Second, the neural net must learn to respond positively to one characteristic pattern

and to reject other characteristic patterns. The neural net is trained with other characteristic

patterns as examples of changed patterns. The neural net is also trained with the zero-

amplitude pattern as an example of a changed pattem. The neural net becomes very

sensitive to small changes in the target characteristic pattern in this manner.
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Third, thepatternselectedfor monitoringmustbesensitiveto smallstructural
changes.Severaltrial netsweretestedfor differentmodes,beforeonewasdeemed
sensitiveenough.Thenetsweretestedfor their responsesto smallperturbationsof the
coldplate.

Fourth,theneuralnetoutputmustdegradegracefullyin responseto pattern
changes.Thisrequirementisnecessary;sincesmallnon-structuralchangesmayoccur.
Examplesarechangesin laserilluminationandcharacteristicpatterncontrast.A neuralnet
is trainedto setoneof its outputsto 0.8 in responseto acorrectpatternand0.2otherwise.
(Theseoutputsarerelatedto normalizationof theneurontransferfunction.)Theneuralnet
is trainedto setoneof its otheroutputsto0.8 in responseto anincorrectoutputand0.2
otherwise.A neuralnetmaylearnto respondthis way to4 modesand200or 300different
specklesamplefunctionswith arms errorof 0.01or less,for example.

A neuralnet,meetingtheserequirements,wasusedasfollowsfor real-time
inspectionsof thecoldplate. First,ared-linethresholdwassetfor interpretingthesame
patternoutput. A same pattern declaration required that the output exceed a threshold.

Ideally, a threshold is set with a statistically correct calibration procedure. In the absence of
a statistically correct calibration procedure, we were forced to rely on judgement and some

previous experience with fan blades. The threshold was set at 0.7 or about 10 times the
rms training error for whole plate inspections and 0.65 for zoomed inspections. The actual

change in the output of the neural net in the zoomed case turned out to be much smaller;

hence a much tighter threshold could have been used. A second requirement is a

minimum difference between outputs of 0.2. The assertion of that requirement has never

proved necessary.

The output of the neural network was encoded at 30 frames per second by coloring

the characteristic pattern. Green represented same pattern and yellow represented chang,__d

pattern.

The neural-net-modified test procedure is then summarized as follows:

(1) Identify the normal modes of vibration of the cold plate using electronic

holography.

(2) Set the amplitudes of the normal modes and record them for future reference.

(3) Select a normal mode to be inspected for changes, and select other normal

modes as sample variations.

(4) Train the artificial neural network and link it with the visualization software.

(5) Excite the vibration mode of interest, and record neural-net processed stills of
the mode.

(6) Commence pressurization and relaxation cycles, while monitoring the

characteristic pattern with neural-net visualization.

(7) Record stills or movies of the neural-net processed characteristic patterns
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duringthepressurizationandrelaxationcycles.

(8) Recordstillsof theneural-netprocessedcharacteristicpatternsattheendof
asequenceof pressurizationandrelaxationcycles.

(9) Repeatsteps(l) - (2)and(5)- (8) for asmanysequencesof pressurization
andrelaxationcyclesasdesired.

(10)Recordatestsetof uncorrelatedspecklesamplefunctionsof themodefor
quantitativeevaluationbytheneuralnetworkattheendof thepressurization
tests.

(11)Recordthereal-timefringepatternasthecold plateisgraduallypressurized
in orderto checkthequalityanduniformity of constructionandcompare
theinterferencepatternswith theC-scans.

Theresultsof thesetestsarepresentedin thenextsection.

RESULTS

The results can be summarized succinctly. Real-time holography confirms the

presence of non-uniformity in the construction of the cold plate. But visual and neural-net

inspections of the time-average and real-time patterns evidenced no permanent changes
resulting from 3000 pressurization and relaxation cycles of the cooling passages. The

neural nets detected that the mode shapes differed between the pressurized and relaxed cold

plate.

The pressurization and relaxation test was interrupted every 400 cycles for the

whole plate and every 250 cycles for the zoomed region to record the vibration modes and

to perform a neural-net inspection. But only the results before and after the complete tests

are presented; since there were no significant changes.

Figure 6 shows five characteristic patterns before execution of the pressurization

and relaxation cycles. Figure 7 shows the same characteristic patterns after 2000 cycles.

Figure 8 shows five characteristic patterns of the zoomed region considered to be

most suspicious by the requesters of the test. Figure 9 shows the same five characteristic

patterns after 1000 pressurization and relaxation cycles. Through-holes can be seen in

these figures.

For the whole-plate inspections, the neural net was trained to flag changes in the

pattern shown at 1957 Hz in Fig. 6. The pattern at zero amplitude shown in Fig. 4 in large

pixel format and the patterns at 2230 Hz and 2308 Hz in Fig. 6 were used as examples of
other modes. That is, the neural net was trained to respond exactly the same to these

modes, and the visualization software was programmed to color the characteristic patterns

of these modes yellow. The visualization software was programmed to color the

characteristic pattern at 1957 Hz green, if the threshold condition was met. 67 X 20 large

pixels cover the whole-plate for the neural networks as in Fig. 4. Each pattern is
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representedby 134uncorrelatedspecklepatternsfor training. A feedforwardneural
network with 6 hidden-layer nodes was trained. The region inspected covers 528 X 158

small pixels.

For the zoomed inspections of the region between 4 holes, a neural net was trained

to flag changes in the mode at 2310 Hz. The pattern at zero amplitude shown in Fig. 5 in
large pixel format and the patterns at 780 Hz and 1597 Hz in Fig. 8 were used as examples

of other modes. The zoomed region is covered by 40 X 54 large pixels for the neural

network as in Fig. 5. Each pattern is represented by 216 uncorrelated speckle patterns for

training. A feedforward neural network with 6 hidden-layer nodes was trained. The region

inspected covers 314 X 423 small pixels.

Figure l0 shows frames of the large-pixel output of the neural-net visualization

software for relaxed and pressurized states of the whole cold plate. These frames were

extracted from a movie recorded of several cycles.

Figure 11 shows relaxed and pressurized states for the zoomed region.

Figure 12 shows the fringe patterns from real-time holograms recorded at several

values of pressure, and Fig. 13 shows a comparison between the ultrasonic C-scan and

double-exposure holography.

Figure 14 shows fringe patterns from double-exposure holograms recorded after

2 cycles and 3000 cycles.

The responses of the neural nets to the relaxed plate are not perfect. Tables I and II
tabulate the numbers of unchanged pattern responses after various numbers of

pressurization cycles for the whole-plate and zoomed-region tests, respectively. Each

number is from 20 still inspections recorded about one second apart.

For a final result, a test set of 216 uncorrelated speckle patterns of the mode at

2310 Hz was fed into the original neural network trained for the zoomed-region test.

The net responded with a rms error of 0.0157; whereas the original training error was

0.0078. A response about 10 times larger than the rms error would have been necessary

for the net to have flagged a significant change.

DISCUSSION OF RESULTS

The results are believed to show no significant changes after 2000 and 3000

pressurization and relaxation cycles. But the optical patterns certainly are not completely

free of change. There are contrast changes between Figs. 6 and 7, in particular for the

mode at 1957 Hz. That mode was selected for inspection by the neural network.

The feedforward neural network is especially good at tolerating brightness and

contrast changes. This skill is especially valuable, since contrast changes are caused by

optical rather than structural effects. Causes include, but are not limited to, variations in

the voltage and bias point of the non-linear electro-optic modulator and speckle pattern

decorrelation resulting from air currents and fluctuations in the illuminating beams. The
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influence of these causes varies throughout the test day. Human observers are very

sensitive to contrast changes and find it tedious and annoying, if not impossible, to interpret
them.

The frequencies associated with Figs. 6, 7, 8, and 9 are used only for mode

labeling. The frequencies were measured with an uncalibrated meter and the excitations

were energized with an uncalibrated power oscillator. The frequencies did appear to vary
somewhat from test to test, from time to time, and with changes in mode amplitude. The

modes may not be pure eigenmodes; there may be non-linear effects; or the purity of

excitation may vary. The variations are not sufficient to cause any confusion in mode
identification.

The net flagged the mode for the pressurized state as being different from the mode
for the relaxed state in Figs. 10 and 11. This result is not surprising and should not be

interpreted as meaning that a change in structural integrity occurs at pressurization. Neural
nets were discovered to be sensitive to mode-shape changes caused by small changes in

bolt torque.

The results from real-time holography in Fig. 12 and double-exposure holography

in Fig. 13 show a rather non-uniform response to pressurization. But Fig. 14, recorded
from double-exposure holograms, did not show changes after 3000 pressurization and

relaxation cycles.

Table I shows an anomaly at 1600 cycles, where only l0 characteristic patterns out

of 20 of the relaxed plate were classified by the neural net as unchanged. This result was

correlated with a period of instability of the electronic holography setup. The setup

stabilized, and the number of unchanged identifications returned to a more normal value of

17 at the 2000 cycle point. The neural net is reasonably insensitive to contrast variations as

discussed above, but very large changes will cause the response of the net to drop below
the threshold of 0.7.

CONCLUDING REMARKS

The neural-net, holography combination has performed well for inspection of the

International Space Station cold plate for structural non-uniformity and for pressure-cycle
induced damage. Artificial neural-networks add objectivity, repeatability and tolerance- of-

irrelevancies to a process that was previously tedious and depended on individual

judgements.

The neural-net inspection process is uncalibrated at this stage. Full objectivity

requires that the neural networks be trained with reliable computational models or be

calibrated in a statistically acceptable manner. Hopefully, there is now enough evidence

of the practical potential of neural-net inspections of characteristic patterns to justify

development of the calibration procedures.
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TABLES

TABLE I.--NUMBER OF UNCHANGED

RESPONSES IN 20 NEURAL-NET

INTERROGATIONS OF RELAXED

WHOLE COLD PLATE

#CYCLES #RESPONSES

34 20

400 20

800 19

1,200 17

1,600 l0
2,000 17

TABLE II.--NUMBER OF UNCHANGED

RESPONSES IN 20 NEURAL-NET
INTERROGATIONS OF ZOOMED

REGION OF RELAXED COLD PLATE

#CYCLES #RESPONSES

0 2O

250 20

500 20

750 20

1,000 20

NASA/TM-- 1999-209388 i I



FRONT VIEW

REAR VIEW

Figure l.--Views of frame-mounted cold plate.

Figure 2.--Sample setup for electronic holography.
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Figure 3.mBessel fringe pattern for a vibrating blade.

Figure 4.mLarge pixel coverage for neural-net interrogation of whole plate.
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Figure 5.--Large pixel coverage for neural-net interrogation of zoomed region.

Figure 6.BCharacteristic patterns before pressurization and relaxation.

1606 Hz -- --rTrr _]i---:

2g06 Hz.

Figure 7.BCharacteristic patterns after 2000 pressurization cycles.
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1958 Hz_ -I
• !

- • , . .... |

I

!
I
!

!
2310 Uz. |

Figure 8.--Characteristic patterns for zoomed region between holes.

?80 Hz, 1601 Hz.

1957 Hz _ ...... _ 2233 Hz.

2310 Hz.

Figure 9.mZoomed-region characteristic patterns after 1000 additional cycles.
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RELAXED PLATE

P_SSU_ZED PLATE

Figure 10._Response of neural net to relaxed and pressurized plate.

RELAXED PLATE

PRESSURIZED PLATE

Figure ll._Response of neural-net in zoomed region.
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40 p_i _o pmi

Figure 12.--Fringe patterns from real-time hologram.

Figure 13.---Superimposed double-exposure fringe pattern and C-scan.
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FRI_GE PATTERN AFTER 3000 CYE_ES

Figure 14.--Comparison of double-exposure fringe patterns at 2 and 3000 cycles.
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